. "UV-Vis-NIR luminescence properties and energy transfer mechanism of LiSrPO4:Eu2+, Pr3+ suitable for solar spectral convertor. 
Introduction
Nowadays, solar cells are attracting significant attention as a means to generate clean and green energy because of the energy and environmental crisis. The most widely used solar cells are based on crystalline silicon (c-Si). Si solar cells most effectively convert near infrared (NIR) photons of energy close to the semiconductor band gap (Eg≈1.12eV, λ≈1000 nm). However, the incident solar spectrum is dominant in the UV-Vis region. The mismatch between the incident solar spectrum and the spectral response of Si solar cells leads to charge thermalization in the process of photovoltaic (PV) conversion and is responsible for about 70% energy loss in the form of heat. It is one of the main reasons that limit the cell efficiency [1, 2] . If UV-Vis photons of higher energy can be converted to NIR photons of lower energy prior to being absorbed by the Si solar cells, the charge thermalization of Si solar cell will be greatly reduced due to better energy matching between the incident NIR lights and the spectral response of the Si solar cells. Downshift (DS) is such an important method to modify the solar spectrum. Recently, K. R. McIntosh and co-authors demonstrated that the external quantum efficiency of a Si solar cell increases to up to 40% by encapsulating a layer of DS molecules into the PV device [3] . The DS molecules they used are fluorescent organic dyes. They have broad absorption bands and high luminescence quantum efficiency, but exhibit a relatively poor chemical stability, significant re-absorption and an emitted light in the visible region (λ < 750 nm) that still does not match the maximum spectral response (λ ≈1000 nm) of the Si solar cells [4, 5] . Therefore, luminescent DS materials possessing excellent chemical stability, strong and broad absorption in visible region, intense NIR emission peaking at ~1000 nm and high quantum efficiency are in great need.
Rare earth luminescent inorganic materials are expected to be an alternative to organic dyes. Recently, much effort has been made to develop phosphors activated by Nd 3+ [6] , Eu 3+ [7] , Yb 3+ [8] , Ce 3+ -Tb 3+ [9] or Dy 3+ -Yb 3+ [10] . However, they have no absorptions or weak f-f absorptions in the UV (300-380 nm) and consequently lead to weak NIR emission. These drawbacks limits them potential application in Si solar cell.
Comparatively, Pr 3+ ion has a rich energy-level structure, allowing for direct absorption of visible photons, for instance, the [11] .
The phase purity of the prepared phosphors was investigated by a Rigaku D/max-IIIA Xray diffractometer (XRD) with Cu Kα radiation (λ = 1.5406Å) at 40kV and 30mA. The XRD patterns were collected in range of 10° ≤ 2θ ≤ 70°.
The photoluminescence (PL) and photoluminescence excitation (PLE) spectra at room temperature and 3K as well as the decay curves were measured by FSP920 Time Resolved and Steady State Fluorescence Spectrometers (Edinburgh Instruments) equipped with a 450W Xe lamp, a 150w nF900 flash lamp, a 100w μF920H lamp, TM300 excitation monochromator and double TM300 emission monochromators, Red sensitive PMT and R5509-72 NIR-PMT in a liquid nitrogen cooled housing (Hamamatsu Photonics K.K). The spectral resolution for the steady measurements is about 0.05 nm in UV-VIS and about 0.075~0.01 nm in NIR, the experimental conditions for the transient measurements of the Eu 2+ ions are a pulse width of 1.0~1.6ns, a repetition rate of 40KHz and the lifetime range of 100ps~50µs and the Pr3 + ions are a pulse width of 1~2µs, a repetition rate of 50Hz and the lifetime range of 100µs~200s. For PL and PLE measurements at 3K, the sample was mounted in a Optistat AC-V12 actively cooled optical cryostat, based on 0.25W @ 4K PTR (pulse tube refrigerator), with a ITC503 temperature controller and a water cooled compressor.
The powder diffuse reflection spectra (DRS) of these samples were measured on a Cary 5000 UV-Vis-NIR spectrophotometer (Varian) equipped with double out-of-plane Littrow monochromator, using polyfluortetraethylene as a standard reference in the measurements. It can be seen that most of the observed peaks satisfy the reflection condition except of some weak peaks due to minor unknown impurities. The powder XRD pattern also matches well with the reference data [13] [14] [15] . These indicate the dopants have no obvious influence on the crystalline structure of the host. In general, the decay time of the emission from 3 P 0 is 0.135-50 µs, greatly shorter than that from 1 D 2 , which is about 50-250 µs [16] . To further confirm the assignments to the emissions between 590 nm and 630 nm, the luminescence decay curves (λ ex = 484 nm and 581 nm, λ em = 609 nm) of LSP: Pr It is interesting to note that not only the shapes but also the position of the emission peaks between 590 nm and 630nm are exactly the same when excited into either 3 (Fig. 3 (process 2a)) ? There are two possible ways as shown in Fig. 3 (process 2b and 2c) . One is non-radiative relaxation process (2b) directly from 3 P 0 to 1 D 2 level assisted by phonons. The energy gap between 3 P 0 and 1 D 2 levels is about 3449 cm −1 . The maximum vibration frequency of phosphate is about 1037 cm −1 [17] . That is to say at least three phonons are needed to bridge this energy gap. In general, if the energy gap is more than 5 times the energy of the highest energy phonon, phonons assisted non-radiative relaxation process from the upper level to the lower level is impossible. In the present case, it is therefore expected that multiphonon relaxation process from 3 ] is considered to be relatively more efficient than multiphonon relaxation process directly from 3 P 0 to 1 D 2 levels. Through the cross-relaxation (2c), it is reasonable to observe the prominent red emissions from the 1 D 2 level as well as the 3 P 0 level upon being pumped into the 3 P 2 level (λ ex = 443nm) as shown in Fig. 2 . In summary, the whole blue-to-red ET process could be expressed as (2a→2c→606 nm) for the prominent red emissions from the 1 D 2 level. As shown in Fig. 3, the Recently, Andries Meijerink and his co-authors reported near-infrared quantum cutting of SrF 2 :Pr 3+ for photovoltaics [18] . In order to prove the existence of quantum cutting, they compared the diffuse reflection and excitation spectra and found the ratio of the total area of the peaks due to the 0.0045 , the ratio for the same transition is 4.91. Within experimental uncertainty, this ratio is equal to the value of that of the absorption strengths (from diffuse reflectance), confirming that for every photon absorbed into the 3 P J and 1 I 6 levels, only one NIR photon was generated. Therefore, the blueto-NIR quantum cutting process from the 3 P 0 level does not occur in LSP. As shown in Fig. 5(a) , the PLE and PL spectra of LSP: Eu 2+ contains a broad absorption band at 250-425 nm and a blue emission band at 445 nm, attributed to 4f-5d allowed transition of Eu 2+ ions in the LSP host [13] . Figure 5( 3+ ion concentration increases from 0 mol‰ to 5.6 mol‰, the blue emission intensity of Eu 2+ ion decreases greatly whereas both red and NIR emission intensities of Pr 3+ ion reach a maximum at 4.5 mol‰ Pr 3+ and then decrease due to concentration quenching. Furthermore, it is seen that NIR emission of Pr 3+ increases more significantly than red emission of Pr 3+ , strongly supporting that the cross-relaxation (Fig. 3, process 2d) In order to provide convincing evidence for the existence of ET from Eu 2+ to Pr 3+ and estimate its efficiency, the decay curves were recorded and the data were presented in the inset of Fig. 6(d 
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where τ 0 and τ x stand for the lifetimes of Eu 2+ in the absence and presence of Pr 3+ , respectively. The ET efficiency increases gradually with the concentration of Pr 3+ . The maximum value of η ET is estimated to be 56.8% with 5.6 mol ‰ Pr 3+ . Such a relatively high value of η ET does not seem to be consistent with the very weak red emission of Pr 3+ as shown in Fig. 6 d. But if one keeps in mind that the cross-relaxation (Fig. 3, process 2d) 2+ ion can be used as a donor utilizing UV photons and greatly enhancing the NIR emission of Pr 3+ ion through efficient energy feeding by allowed 4f-5d absorption of Eu 2+ ion with high oscillator strength. The detailed UV-to-NIR ET process can be described as follows (Fig. 3) : first, Eu 2+ ion directly absorbs a UV photon via the allowed 4f→5d transitions (process 1a). Subsequently, the energy in the lowest 5d excited level (~22472 cm −1 ) of Eu 2+ ion relaxes to the 3 P 1 level (21142 cm −1 ) of Pr 3+ ion via resonant ET (process 2). From the
